Using a bottom-up, model-free approach when building robots are often seen as a less scientific way, compared to a top-down model-based approach, because the results are not easily generalizable to other systems. We do, however, hypothesize that this problem may be addressed by using solid experimental methods. In this paper we will show how the use of well-known experimental methods from bio-mechanics are used to measure and locate weaknesses in our bottom-up, model-free implementation of a quadruped walker and come up with a better solution.
Design/methodology/approach
To study our bottom-up, mode-free approach, we used the robotic construction kit, LocoKit. This construction kit allows researchers to construct legged robots, without having a mathematical model beforehand. We use no specific mathematical model to design our robot, but instead we use intuition and take inspiration from biology. Our results are afterwards compared with results gained from biology, to see if our robot have some of the key elements we were looking fore.
Findings
With the use of LocoKit as the experimental platform, combined with known experimental measurement methods from biology, we have shown how a bottom-up, model-free design approach can be used to gain specific knowledge on a robotic platform, and also how knowledge can potentially be generalized from this approach. This paper shows, that even though a bottom-up, model-free approach were taken, our results can still be compared with results from e.g. biology, because solid experimental methods were used.
Introduction
Mechanical design of robots is often top-down, model-driven, that is, there is a specific kinematic model that the robot implements. This approach has the advantage that the resulting robot is controllable using standard control methods. However, this also means that the robot is often unnecessarily complex and often poorly suited for physical interaction with its environment. Model-free, bottom-up mechanical design of robots is also possible and often leads to simpler designs and better interaction with the environment.
1 However, while research results from model-based systems can be generalized and used on robots with other kinematic structures, this is rarely the case for model-free robots because the designs are ad hoc. We believe, however, that this is not inherent to the model-free approach, but because that the experimental methods in robotics, with a few exceptions Ref. [2] [3] [4] , tend to be poor, in particular, when it comes to understanding how specific elements of a mechanical system contributes to the whole.
To improve the understanding of robotic locomotion and to get deeper insight into details of the construction, we use an experimental approach adopted from biomechanics suitable for analysing the kinematics and dynamics of the system. Such analysis measurements are well established in the field of animal and human locomotion for gait analysis. While these communities take advantage of these methods to understand the fundamental principles of gaits, it is also a valuable way for engineers to compare the performance of robots to that of animals.
Biomechanics may also benefit from robotics by for instance focusing on complete systems as advocated in robotics instead of partial models, e.g. typical models of locomotion in biomechanics are two-dimensional, however this discussion is not the focus of this paper. The motivation for this paper is thus to understand how to combine a bottom-up, model-free approach to robot design with strong experimental methods taken from biomechanics in order to generate scientific results that are sound and generalisable to other platforms.
In section 3, we will introduce a robot called SpringyBot, which is inspired by ideas from the Scout, Ref. In addition, we describe a typical gait analysis setup, which we use to evaluate the robot and to understand the mechanical constraints of our construction, which will be discussed in section 5. Section 4 will show results of our robotic gaits analysis, which we will conclude on in section 6.
Material and methods
This section describes firstly the robot SpringyBot that has been used during these experiments and hereafter the test set-up used to make measurements on the robot during the experiments.
The SpringyBot robot
We have used our robotic construction kit, LocoKit -Refs. 6,7, to build the quadruped robot that was used during all experiments -see Fig. 1(b) .
The aim of the LocoKit construction kit is to enable us to build small, robust and light-weight legged robots. LocoKit should also provide the ability to make local adjustments on the skeleton of the robot and hereby decrease the time spend on adjusting or redesigning the robot if other configurations are more desirable. In general, it should allow us to build bottom-up, model-free robots.
Our robot implements legs that utilize a setup, where each leg is run by one motor, that by a crank mechanism makes is work as shown in Fig.  1(a) . By implementing a spring in the foot of the leg, we hope to get elastic leg behavior similar to what is seen in a Spring Loaded Inverted Pendulum (SLIP) model, Ref. 8 .
The design of our robot is not based on any specific complete mathematical model, but instead on intuition and inspiration taken from biological systems and from abstract mathematical models. We are not interested in using complete mathematical models, because they often narrows the design space, and makes it difficult to make use of morphology, materials and interaction with the environment because these things are complicated to model.
Due to the simplicity of the mechanics with only one motor per leg, the control scheme used to run the motors is only to ensure that the motors are running with a constant speed, and that there is a fixed synchronization between the two pairs of motors -"Right/Front -Left/Hind" and "Left/Front -Right/Hind". The controller makes a zero degree phase shift internally in a motor pair, and a 180 degree phase shit between each pair. This synchro- nization between the motor-pairs gives the robot a trot gait pattern. The controller is running on a small ARM7 embedded micro controller on the robot and the robot is powered by batteries to make it autonomous. To be able to control it from a PC, an Xbee module has been used, both on the robot and on the computer side. We are able to send high-level commands to the robot, like stop/start and/or make changes to the synchronization between the motors on the fly as well as changing the speed.
Robotic gait analysis and data analysis
Gait analysis was used to standardize and to permit us to make comparisons between the robot's gait and animal gaits. For the gait evaluation a track consisting of three force plates (two 60 cm x 50 cm, Typ 9260AA6; one 30 cm x 50 cm, Typ 9260AA3, Kistler, Winterthur, Switzerland) was introduced, see Fig. 2 . The kinematics were recorded using seven high-speed cameras (Oqus series, Qualisys, Gothenburg, Sweden) at 250 Hz, see Fig. 2 . Force plates and cameras were triggerd for simultaneous measurements. In addition the data was synchronized due to time lag and time drift following the suggestions of Lipfert et al. Ref. 9 .
From the force data and the kinematics, the touch-down and takeoff events were separated in order to define the gait cycle, i.e. from one touch-down of one leg to the next touch-down of the same leg, as done by O'Connor et al. Ref. 10 .
From the markers we calculated leg lengths with respect to the leg features spring and rest length as well as the leg angle, i.e. the angle of the leg with respect to the ground.
Experiment protocol
In our experiments we had the robot walking with a slow trot gait on the test track while being monitored by the cameras and force plates as shown in Fig. 2 . For each walk over the track, a new set of measurements was taken. What we hope to see is a natural behavior of the leg that is comparable to e.g. a dog in terms of phase plots of leg-length vs. leg-angle.
Experimental results
The initial robot setup described in section 3 was used during the first set of experiments, section 4.1. The results of these experiments suggested F o r R e v i e w O n l y that some improvements of the leg configuration was needed. In the second set of experiments, section 4.2, a number of changes was made on the leg configuration, and the same set of experiments was conducted on the new configuration.
Results on initial morphology
In Fig. 3 the results on the leg behavior are shown as a phase plot between the leg length and the leg angle with respect to ground. As seen, the trajectory of the legs does not show elastic behavior, as observed on dogs, where the leg is shortened towards mid-stance, followed by a lengthening towards take-off (TO). In all cases, the leg length of SpringyBot is lengthened towards mid-stance and shortened towards take off, which is opposite of what we had expected.
When measuring the lengths of the spring, leg-segment, and total leglength directly as shown in Fig. 4 , it is seen that the spring (green) is compressed from the beginning of the stance phase to the end. The leg segment (red) is following a sinusoidal curve because, this length is coupled directly with the rotation of the motor, and is not affected by the spring. The total length of the leg (blue) is the sum of the leg-segment (red) and the spring (green). Because the spring gets compressed at the beginning of the stance, the total leg length is governed by the length of the leg-segment (red) giving it a lengthening towards mid stance and a shortening towards take off.
Evaluation of initial morphology
The full compression of the spring from the beginning of the stance face, can most likely explain why the leg length in Fig. 3(a) did not follow the expected curve. As the springs are fully compressed, the motor will instead push against the ground and therefore, due to the mechanical solution, lift the robot during stance. This comes close to not have the spring in the leg, as it mainly work as an impact damper.
Experiments on improved morphology
A possible reason why the spring gets fully compressed at the beginning of the stance face is, that the spring is simply too short and therefore only capable of dampening some of the impact forces, but not being supportive during the hole stance phase. To compensate for this, we implemented a new structure that allows us to use a bigger variety of springs, while maintaining the same functionality of the leg. In our new design the spring have been moved, so that it now is located in the top of the leg, still supporting the forces coming from the foot. The design allows us to pretension the spring if desired and it makes it easier to change the spring, see Fig. 5 . The most important benefit from this new design is, that it allows us to use longer springs.
With the improved leg design, the same set of experiments have been conducted as described in section 4.1. The only changes on the robot are the leg configuration with longer springs (38mm vs 17mm) but with the same stiffness. Size, weight and control are equal to the first robot presented here. With the new leg configuration, the phase plot gives very different results from the first ones. From Fig. 6 it is seen, that the hind legs is now shortened towards mid-stance and lengthened toward take-off, giving these legs a much more nature like walking pattern if compared to the hind legs of a trotting dog in Fig. 3(b) .
The front legs does unfortunately have mostly the same results as for the initial experiment in section 4.1 where the legs are lengthened towards mid-stance and shortened towards take off. When looking a the length-plots in Fig. 7 it is seen, that the maximum compression of the springs on the front legs is approx 10mm during stance. This means that the spring is not fully compressed during stance as the maximum displacement of the spring is 21.8mm.
Evaluation of improved morphology
From the phase plot, Fig. 6 , of the hind legs, it is clear the these legs, with the improved design, now have the behavior that we had expected from the beginning. In Fig. 7 the lengths of the different leg segments are plotted. As with the phase plot, this figure also shows the same results. The hind legs are shortened towards mid-stance and lengthened towards takeoff. What is also worth noticing is, that the leg-part (red) is maintaining the same length during most of the stance as a result of the spring compression. The front legs on the other hand does not have an improved performance, however, because the springs in the front legs are only compressed 10mm, it indicates that these springs are simply to stiff because the maximum displacement of the springs are 21.8mm. 
Discussion
Our goal from the beginning was to test our simple bottom-up approach in designing a walking robot with inspiration from the SLIP model and nature, and then see how this physical implementation performs compared to similar experiments performed with real animals. The overall reason for doing this is: (1) To find out how well our implementation can be used as a simplification of real walking in animals where the mechanics is much more complex compared to our robot, and (2) To see if our bottom-up, modelfree approach can, by the use of solid experimental methods, be a faster way of getting experimental data that can be used to improve the system, in contrast to ordinary model based design.
The robot used in this experiment was not built based on specific information regarding width, length or height, but based on intuition and inspiration taken from biological system and from abstract mathematical models.
From the results in our first experiments in Fig. 3 it is seen that the cyclical pattern of the leg length vs. angle, is very different from what is observed on e.g. a dog. The difference is that when the leg of a trotting dog is getting shortened toward mid-stance, and lengthened towards take-off, the opposite is true in the first robotics experiments. This could imply that the spring in the feet of our robot is either too short or too soft. This observation is also confirmed when looking at the data in Fig. 4 . What we see here is three plots, each showing the length of different parts of the leg. The most interesting plot is the length of the spring during a complete stride (green (3)). What is seen is, that the spring is fully compressed during contact phase, and therefore it is not possible to get the desire behavior where the leg is shortened towards mid-stance and lengthened towards take-off. This can to some extend explain why the leg length in Fig. 3 (a) did not follow the expected curve, because the motor will instead of compressing the spring during stance, push against the ground and therefore, due to the mechanical solution, lift the robot during stance.
In the second experiment, the springs were made longer in an attempt to make the springs active during the whole stance phase. This approach had a positive impact on the behavior of the hind legs, giving them the desired behavior during stance. However, this is not the case on the front legs which are still lengthened towards mid-stance and shortened towards take off.
By using the solid experimental methods described, we gained knowledge that helped us in coming to these results, which, without would have been more difficult. The methods described from biology and biomechanics are well tested and shows exactly what is important when dealing with locomotion e.g. leg and body dynamics. Even though these methods have been developed to be used on either animals or humans, the vital and interesting information about the kinematics and forces are still the same, and therefore it allows us to make direct comparisons to e.g. a dog in this case. By the use of solid experimental methods we have gained more than easing the process of pinpointing the problems in the structure, we are also able to generalize our results to other platforms. This is because, that even though we are using and making experiments on ad-hoc designs, we are looking at specific elements as e.g. spring compression in the leg, which is interesting among different platforms. We hope that from our experimental data we will be able to suggest optimal springs for future leg designs and with the use of LocoKit as robotic platform, the suggestion can easily be tested in a robot.
Conclusion
In this paper we have shown how to use a structured scientific method to test our bottom-up, model-free walking robot. Our results show, that by the use of this method it was easy for us to locate the weak point of the mechanical design of the robot, redesign critical parts, and redo the experiments with increased performance.
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Mechanical design of robots is often top-down, model-driven, that is, there is a specific kinematic model that the robot implements. This approach has the advantage that the resulting robot is controllable using standard control methods. However, this also means that the robot is often unnecessarily complex and often poorly suited for physical interaction with its environment. Model-free, bottom-up mechanical design of robots is also possible and often leads to simpler designs and better interaction with the environment. 1 However, while research results from model-based systems can be generalized and used on robots with other kinematic structures, this is rarely the case for model-free robots because the designs are ad hoc. We believe, however, that this is not inherent to the model-free approach, but because that the experimental methods in robotics, with a few exceptions Ref. 2-4, tend to be poor, in particular, when it comes to understanding how specific elements of a mechanical system contributes to the whole.
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Gait analysis was used to standardize and to permit us to make comparisons between the robot's gait and animal gaits. For the gait evaluation a track consisting of three force plates (two 60 cm x 50 cm, Typ 9260AA6; one 30 cm x 50 cm, Typ 9260AA3, Kistler, Winterthur, Switzerland) was introduced, see Fig. 2 .
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